Unlike other neostriatal neurons, cholinergic interneurons exhibit spontaneous, low-frequency, repetitive firing. To gain an understanding of the K ϩ channels regulating this behavior, acutely isolated adult rat cholinergic interneurons were studied using whole-cell voltage-clamp and single-cell reverse transcription-PCR techniques. Cholinergic interneurons were identified by the presence of choline acetyltransferase (ChAT) mRNA. Depolarization-activated potassium currents in cholinergic interneurons were dominated by a rapidly inactivating, K ϩ -selective A current that became active at subthreshold potentials. Depolarizing prepulses inactivated this component of the current, leaving a delayed, rectifier-like current. Micromolar concentrations of Cd 2ϩ dramatically shifted the voltage dependence of the A current without significantly affecting the delayed rectifier. The A-channel antagonist 4-aminopyridine (4-AP) produced a voltage-dependent block (IC 50 , ϳ1 mM) with a prominent crossover at millimolar concentrations. On the other hand, TEA preferentially blocked the sustained current component at concentrations Ͻ10 mM. Single-cell mRNA profiling of subunits known to give rise to rapidly inactivating K ϩ currents revealed the coexpression of Kv4.1, Kv4.2, and Kv1.4 mRNAs but low or undetectable levels of Kv4.3 and Kv3.4 mRNAs. Kv1.1, ␤1, and ␤2 subunit mRNAs, but not ␤3, were also commonly detected. The inactivation recovery kinetics of the A-type current were found to match those of Kv4.2 and 4.1 channels and not those of Kv1.4 or Kv1.1 and ␤1 channels. Immunocytochemical analysis confirmed the presence of Kv4.2 but not Kv1.4 subunits in the somatodendritic membrane of ChAT-immunoreactive neurons. These results argue that the depolarization-activated somatodendritic K ϩ currents in cholinergic interneurons are dominated by Kv4.2-and Kv4.1-containing channels. The properties of these channels are consistent with their playing a prominent role in governing the slow, repetitive discharge of interneurons seen in vivo.
Unlike other neostriatal neurons, cholinergic interneurons exhibit spontaneous, low-frequency, repetitive firing. To gain an understanding of the K ϩ channels regulating this behavior, acutely isolated adult rat cholinergic interneurons were studied using whole-cell voltage-clamp and single-cell reverse transcription-PCR techniques. Cholinergic interneurons were identified by the presence of choline acetyltransferase (ChAT) mRNA. Depolarization-activated potassium currents in cholinergic interneurons were dominated by a rapidly inactivating, K ϩ -selective A current that became active at subthreshold potentials. Depolarizing prepulses inactivated this component of the current, leaving a delayed, rectifier-like current. Micromolar concentrations of Cd 2ϩ dramatically shifted the voltage dependence of the A current without significantly affecting the delayed rectifier. The A-channel antagonist 4-aminopyridine (4-AP) produced a voltage-dependent block (IC 50 , ϳ1 mM) with a prominent crossover at millimolar concentrations. On the other hand, TEA preferentially blocked the sustained current component at concentrations Ͻ10 mM. Single-cell mRNA profiling of subunits known to give rise to rapidly inactivating K ϩ currents revealed the coexpression of Kv4.1, Kv4.2, and Kv1.4 mRNAs but low or undetectable levels of Kv4.3 and Kv3.4 mRNAs. Kv1.1, ␤1, and ␤2 subunit mRNAs, but not ␤3, were also commonly detected. The inactivation recovery kinetics of the A-type current were found to match those of Kv4.2 and 4.1 channels and not those of Kv1.4 or Kv1.1 and ␤1 channels. Immunocytochemical analysis confirmed the presence of Kv4.2 but not Kv1.4 subunits in the somatodendritic membrane of ChAT-immunoreactive neurons. These results argue that the depolarization-activated somatodendritic K ϩ currents in cholinergic interneurons are dominated by Kv4.2-and Kv4.1-containing channels. The properties of these channels are consistent with their playing a prominent role in governing the slow, repetitive discharge of interneurons seen in vivo.
Key words : A current; delayed rectifier; tetraethylammonium; voltage clamp; acutely dissociated neurons; Kv1; Kv2; Kv3 Although cholinergic interneurons account for only a few percent of all neostriatal neurons (Kemp and Powell, 1971; Phelps et al., 1985) , they exert a profound influence on striatal circuitry. For example, it has long been known that disruption of the cholinergic regulation of medium spiny neurons through muscarinic receptors ameliorates movement disorders accompanying striatal dopamine depletion (Hornykiewcz, 1973) . More recently it has been suggested that cholinergic interneurons are instrumental in the acquisition of procedural or associative learning tasks Graybiel et al., 1994) .
Despite their f unctional importance, cholinergic interneurons have been difficult to study because of their rarity. The first clear glimpse of interneuronal physiology suggested that they had relatively depolarized resting potentials and distinctive spike patterns (Wilson et al., 1990) . These studies were extended by Kawaguchi (1992 Kawaguchi ( , 1993 in showing that striatal choline acetyltransferase (ChAT)-immunoreactive neurons in slices exhibited a prolonged spike afterhyperpolarization with slow ramp-like voltage trajectories preceding the next spike, enabling these cells to discharge at very low rates.
Slow ramp-like voltage trajectories of this sort often are governed by inactivating, A-type K ϩ currents (Connor and Stevens, 1971a,b; Rogawski, 1985) . However, since their original description, physiological studies have revealed that A-type currents exhibit a wide range of biophysical and pharmacological properties, sometimes specializing them for other cellular functions (Rogawski, 1985; Rudy, 1988) . This functional heterogeneity is reflected in the molecular heterogeneity of A-like K ϩ channels. Depolarization-activated K ϩ channels are thought to be formed by four ␣ subunits drawn from four ␣ subunit gene families (Kv1-4) (Stuhmer et al., 1989; Pongs, 1993) . Expression studies have shown that homomeric channels arising from Kv1.4, Kv3.4, and Kv4.1, Kv4.2, and Kv4.3 subunits give rise to A-type channels (Stuhmer et al., 1989; Baldwin et al., 1991; Schroter et al., 1991; Serodio et al., 1994 Serodio et al., , 1996 . In addition, inactivating, A-like channels can be formed when ancillary ␤1 subunits are coexpressed with subunits of the Kv1 family that normally have delayed rectifier properties (Rettig et al., 1994; Heinemann et al., 1996; Sewing et al., 1996) . Based on studies in heterologous cell types, several of these channels (e.g., Kv4 .2) have biophysical properties that would enable them to significantly slow the rate of membrane depolarization at subthreshold potentials and to promote lowfrequency repetitive discharge. However, it is unclear to what extent these subunits are expressed in cholinergic interneurons and, if so, to what extent they are found within the somatodendritic membrane.
Based on these previous studies, it was our working hypothesis that the capacity of cholinergic interneurons to discharge at low rates was attributable to the expression of A-type K ϩ channels with features similar to those formed from Kv4.2 subunits. To test this hypothesis, whole-cell K ϩ currents in identified cholinergic interneurons were studied using voltage-clamp techniques. The molecular identity of the channel subunits underlying the currents was determined by single-cell reverse transcription-PCR (RT-PCR) analysis (Monyer and Lambolez, 1995; Surmeier et al., 1996; Yan and Surmeier, 1996; Yan et al., 1997) and immunohistochemistry (Sheng et al., 1992; Maletic-Savatic et al., 1995) . The results described below argue that striatal cholinergic interneurons coexpress several of the ␣ and ␤ subunits known to produce A-type channels but, within the somatodendritic membrane, Kv4.2 and Kv4.1 channels are the predominate channel types and possess the biophysical properties necessary to regulate repetitive discharge.
MATERIALS AND METHODS
Acute dissociation procedure. Striatal neurons from young adult (Ͼ4 wk) male rats were acutely dissociated using procedures similar to those we described previously (Surmeier et al., 1995; Song and Surmeier, 1996) . In brief, rats were anesthetized with methoxyflurane and decapitated; brains were quickly removed, iced, and then blocked for slicing. The blocked tissue was cut in 400 m slices with a Microslicer (Dosaka, Kyoto, Japan) while bathed in a high-sucrose solution (in mM: 250 sucrose, 2.5 KC l, 1 Na 2 HPO 4 , 2 MgSO 4 , 2 CaCl 2 , 11 glucose, and 15 H EPES, pH 7.4; 300 -305 mOsm / l). Slices were then incubated for 1-6 hr at room temperature (20 -22°C) in NaHC O 3 buffered saline bubbled with 95% O 2 and 5% C O 2 (in mM: 126 NaC l, 2.5 KC l, 2 C aC l 2 , 2 MgC l 2 , 26 NaHC O 3 , 1.25 NaH 2 PO 4 , 1 pyruvic acid, 0.2 ascorbic acid, 0.1 N -nitro-L-arginine, 1 kynurenic acid, and 10 glucose, pH 7.4 with NaOH; 300 -305 mOsm / l). All reagents were obtained from Sigma (St. L ouis, MO). Slices were then removed into low-C a 2ϩ , H EPES-buffered saline (in mM: 140 Na-isethionate, 2 KC l, 4 MgC l 2 , 0.1 CaCl 2 , 23 glucose, and 15 H EPES, pH 7.4; 300 -305 mOsm / l), and with the aid of a dissecting microscope, regions of the dorsal striatum were dissected and placed in an oxygenated C ell-Stir chamber (Wheaton, Inc., Millville, NJ) containing Pronase (1-2 mg /ml) in H EPES-buffered HBSS (Sigma) at 35°C. Dissections were limited to tissue rostral to the anterior commissure to reduce the possibility of contamination from globus pallidus. After 30 -40 min of enzyme digestion, tissue was rinsed three times in the low-C a 2ϩ , H EPES-buffered saline and mechanically dissociated with a graded series of fire-polished Pasteur pipettes. The cell suspension was then plated into a 35 mm L ux Petri dish mounted on the stage of an inverted microscope containing H EPES-buffered HBSS. After allowing the cells to settle, the solution bathing the cells was changed to a H EPES-buffered saline.
W hole-cell recordings. Whole-cell recordings used standard techniques (Hamill et al., 1981; Song and Surmeier, 1996) . Electrodes were pulled from Corning (Corning, N Y) 7052 glass and fire-polished before use. The internal solution consisted of (in mM): 60 K 2 SO 4 , 60 N-methyl-Dglucamine, 4 MgC l 2 , 40 H EPES, 2.5-5 EGTA or 5 BAP TA, 12 phosphocreatine, 2 Na 2 ATP, 0.2 Na 3 GTP, and 0.1 leupeptin, pH 7.2 with H 2 SO 4 (osmolarity, 265-275 mOsm / l). The pH of N-methylglucamine solutions was measured with a Corning model 476570 probe. The external solution consisted of (in mM): 140 Na-isethionate, 2-5 KC l, 2-4 MgC l 2 , 0-2 Ca 2ϩ , 10 H EPES, 12 glucose, and 0.001 TTX, pH 7.4 with 1N NaOH (ϳ2 ml) (osmolarity, 300 Ϯ 5 mOsm / l).
In all the experiments, Na ϩ currents were blocked by TTX. C a 2ϩ currents were eliminated in one of two ways. In almost all of the experiments described below, C a 2ϩ in the bathing medium was replaced on an equimolar basis by Mg 2ϩ . This eliminated measurable currents that were sensitive to inorganic C a 2ϩ channel blockers. In some experiments, C dC l 2 (200 -400 M) was added to the external solution to block Ca 2ϩ currents. These experiments are explicitly described below.
In some experiments, 4-AP (Sigma) or tetraethylammonium chloride (TEA) (Sigma) was applied. When 4-AP was included in the extracellular solutions, the pH was adjusted to 7.4 using H 2 SO 4 . When 4-AP or TEA was applied at concentrations Ͼ1 mM, the osmolarity was adjusted by reducing the concentration of Na-isethionate.
Solutions were applied with a gravity-fed sewer pipe system. An array of application capillaries (ϳ400 m inner diameter) was positioned a few hundred micrometers from the cell under study. Solution changes were effected by altering the position of the array with a DC drive system controlled by a microprocessor-based controller (Newport-K linger, Inc., Irvine, CA). Solution changes were complete within Ͻ1 sec.
Recordings were obtained with an Axon Instruments 200 patch-clamp amplifier and controlled and monitored with a PC 486 clone running pC lamp software (version 6.0) with a 125 kHz interface (Axon Instruments Inc., Foster C ity, CA). Electrode resistances were typically 2-6 M⍀ in the bath. After seal rupture, series resistance (7-15 M⍀) was compensated (80 -90%) and periodically monitored. Potentials were not corrected for the liquid junction potential, which was estimated to be 1 mV, except when calculating the permeability to K ϩ relative to Na ϩ . Recordings were made only from large-sized neurons (Ͼ14 pF) that had only a few short (Ͻ75 m) proximal dendrites.
Statistical methods. Statistical analyses (including nonlinear curve fitting) were performed with Systat (Evanston, IL; version 5.2). Sample statistics are given either as means with SD or as medians. Box plots were used for graphic presentation of the data because of the small sample sizes (T ukey, 1977) . The box plot represents the distribution as a box with the median as a central line and the hinges as the edges of the box (the hinges divide the upper and lower halves of the distributions in half). The inner fences (shown as a line originating from the edges of the box) run to the limits of the distribution excluding outliers (defined as points that are Ͼ1.5ϫ the interquartile range beyond the interquartiles; T ukey, 1977) ; outliers are shown as asterisks or circles.
Boltzmann f unctions were fit to normalized conductance or current plots using previously described formulas (Bargas et al., 1994 ) with a least squares fitting routine.
Single-neuron RT-PCR anal ysis. As we have reported previously Surmeier et al., 1996; Yan and Surmeier, 1996) , after recording, cells were lifted up into a stream of control solution and aspirated into the electrode by applying negative pressure. Electrodes contained ϳ5 l of sterile recording solution (see above). Some cells were harvested without recording, with electrodes filled with water. The capillary glass used for making electrodes had been heated to 200°C for 4 hr. Sterile gloves were worn during the procedure to minimize RNase contamination.
After aspiration, the electrode was broken, and contents were ejected into a presiliconized, 0.5 ml Eppendorf tube containing 5 l diethylpyrocarbonate-treated water, 0.5 l of RNasin (28,000 U/ml), and 0.5 l of dithiothreitol (DTT) (0.1 M). One microliter of either oligo-dT (0.5 g/l) or random hexanucleotides (50 ng /l) was added and mixed before the mixture was heated at 70°C for 10 min and incubated on ice for Ͼ1 min. Single-strand cDNA was synthesized from the cellular mRNA by adding SuperScript II reverse transcriptase (1 l, 200 U/l), 10ϫ PCR buffer (2 l, 200 mM Tris C l, pH 8.4, and 500 mM KC l), MgC l 2 (2 l, 25 mM), RNasin (0.5 l, 28,000 U/ml), DTT (1.5 l, 0.1 M), and mixed dN TPs (1 l, 10 mM). The reaction mixture (20 l) was incubated at 42°C for 50 min. The reaction was terminated by heating the mixture to 70°C for 15 min and then icing. The RNA strand in the RNA-DNA hybrid was then removed by adding 1 l of RNase H (2 U/l) and incubating for 20 min at 37°C. All reagents except RNasin (Promega, Madison, W I) were obtained from Life Technologies (Grand Island, N Y) . The cDNA from the reverse transcriptase of RNA in single striatal neurons was subjected to PCR to detect the expression of mRNAs coding for K ϩ channels, ChAT, and the neuropeptides enkephalin and substance P.
Conventional PCR was performed with a thermal cycler (MJ Research, Inc., Watertown, M A). Thin-walled plastic tubes (Perkin-Elmer, Norwalk, C T) were used. PCR primers were developed from GenBank sequences with commercially available Oligo software (National Bio-sciences, Plymouth, M N). The primers used in this study are shown in Table 1 . Positive controls for primer efficiency were run using wholebrain cDNA. Primers for ChAT, enkephalin, and substance P mRNA were described previously Yan and Surmeier, 1996) . To detect individual mRNAs, 2.5 l of the single-cell cDNA was used as a template for conventional PCR amplification. Reaction mixtures contained 2-2.5 mM MgC l 2 , a 0.5 mM concentration of each of the dN TPs, 1 M primers, 2.5 U of Taq DNA polymerase, and buffer (Promega). The thermal cycling program was 94°C for 1 min, 58°C (or 56°C for some primers) for 1 min, and 72°C for 1.5 min for 45 cycles.
To identif y mRNAs coexpressed in single neurons, a two-step protocol was used. In the first round, 2.5 l of the single-cell cDNA was used as a template in a multiplex (three or four pairs of primers) PCR reaction. The reaction mixture contained the same concentration of reagents as with conventional PCR, except for slightly decreased primer concentration (0.5 M). Fifteen cycles were performed. Then, an aliquot ( 1 ⁄10) of this PCR product was used as a template for a second round (35 cycles) of PCR amplification with each pair of specific primers (1 M).
PCR products were separated by electrophoresis in 1.5-2% agarose gels and visualized by staining with ethidium bromide. In representative cases, amplicons were purified from the gel (QIAquick gel extraction kit; Qiagen, Hilden, Germany) and sequenced with a dye termination procedure by the University of Tennessee Molecular Resource C enter or St. Jude Children's Research Hospital Molecular Resource C enter. These sequences were found to closely match published sequences.
PCR reactions were performed following procedures designed to minimize the chances of cross-contamination (C imino et al., 1990) . Negative controls for contamination from extraneous and genomic DNA were run for every batch of neurons. To ensure that genomic DNA did not contribute to the PCR products, neurons were aspirated and processed in the normal manner, except that the reverse transcriptase was omitted. Contamination from extraneous sources was checked by replacing the cellular template with water. Both controls were consistently negative in these experiments.
Immunohistochemistr y. Animals were anesthetized with sodium pentobarbital (40 mg / kg) and chloral hydrate (170 mg / kg) and were perf used through the ascending aorta with 100 ml of 0.9% sodium chloride followed by 250 ml of 4% paraformaldehyde in 0.1 M phosphate buffer (PB), pH 7.4. Brains were removed, cut sagittally at the midline, postfixed 1 hr in the same fixative, and then immersed overnight in 30% sucrose/ PB. The brain was rapidly frozen by immersing in 2-methylbutane cooled by dry ice. The brain was sectioned at 15 m using a cryostat. Sections containing the striatum and the globus pallidus were mounted on glass slides.
For single-label immunohistochemistry, sections were incubated with 8% bovine serum albumin (BSA) in PBS, pH 7.4, for 1 hr at room temperature, and then, with the primary antibody diluted in PBS containing 1% BSA (PBSB), were incubated overnight at 4°C. These primary antibodies included mouse monoclonal anti-rat Kv1.4 antibody (Upstate Biotechnology, Lake Placid, N Y) at a dilution of 1:100 and rabbit affinity-purified polyclonal anti-Kv4.2C antibody (provided by Dr. James S. Trimmer, State University of New York, Stony Brook, N Y) at a dilution of 1:500. This antibody recognizes Kv4.2 subunits and at least one form of Kv4.3 subunit. After three washes in PBS, Kv1.4 sections were incubated with PBSB containing biotinylated horse anti-mouse IgG antibody (1:200; Vector Laboratories, Burlingame, CA), and Kv4.2C sections were incubated with PBSB containing biotinylated goat antirabbit IgG antibody (1:200; Vector Laboratories) for 3 hr at room temperature. All the sections were washed again in PBS and then incubated for 2 hr at room temperature with 1:100 avidin -biotin -horseradish peroxidase complex (ABC Vectastain kit; Vector Laboratories) in PBS. After an additional wash in PBS, sections were incubated in 50 mM Tris buffer, pH 7.6, containing 0.02% diaminobenzidine, 0.3% nickel ammonium sulfate, and 0.002% H 2 O 2 for 5-15 min. After washing in Tris buffer, sections were dehydrated and coverslipped.
For double-label immunofluorescence, sections were first incubated with 8% BSA in PBS for 1 hr at room temperature and then with a mixture of 1:50 rabbit affinity-purified polyclonal anti-Kv4.2C antibody and 1:250 monoclonal mouse anti-ChAT antibody (Chemicon, Temicula, CA) in PBSB overnight at 4°C. After washing three times in PBS, sections were incubated with PBSB containing biotinylated goat antirabbit IgG antibody (1:200; Vector Laboratories) and fluorescein isothiocyanate (FI TC)-conjugated horse anti-mouse IgG antibody (1:150; Vector Laboratories) for 3 hr at room temperature, were washed again in PBS, and then were incubated for 2 hr with 1:500 avidin-D -Texas Red (Vector Laboratories) in PBS. After additional washes in PBS, sections were coverslipped with 1,4-diazabicyclo-[2.2.2]octane in phosphatebuffered glycerol. They were examined under an Olympus epifluorescence microscope with an appropriate filter for FI TC or Texas Red.
Controls for nonspecific staining for primary antiserum or cross- Shown are the reference mRNA, starting positions of the primers in the sequence, the primer (5Ј to 3Ј), the anticipated amplicon length, and the accession number of the GenBank sequence used to construct the primer.
reactivity of antiserums were performed. For single-labeled immunohistochemistry, the control sections were incubated in the absence of the primary antibody in the first step. For double-labeled immunofluorescence, the control sections were incubated with PBSB containing either antibodies for Kv4.2C or ChAT or with PBSB without any antibodies. These control sections were processed through each remaining step of the protocol in the same manner as the experimental sections. These control experiments indicated that there was no nonspecific labeling of neural soma or processes.
RESULTS
After dissociation, neurons with large cell bodies were easily recognized ( Fig. 1 A, inset) . One to five of these large neurons were found per slice. Their whole-cell capacitance ranged from 14 to 22 pF in our sample of 88 neurons. In agreement with previous studies Yan et al., 1997) , all large cells tested with single-cell RT-PCR techniques had detectable levels of choline acetyltransferase mRNA (n ϭ 13) (Fig. 1 B) . These large neurons did not express enkephalin or substance P mRNA, which are known to be found in striatal medium spiny neurons ( Fig. 1 B,D) (Graybiel, 1990) . These results suggest that most, if not all, of the neurons used in this study were cholinergic interneurons.
Depolarization-activated outward currents in cholinergic interneurons are dominated by a transient A-type current
With Na ϩ and C a 2ϩ currents eliminated, depolarizing voltage steps from hyperpolarized membrane potentials evoked outward currents in cholinergic interneurons. The currents were dominated by a large transient component (Fig. 1 A) . This current profile was significantly different from that seen in recordings from medium spiny neurons (Fig. 1C,D) (Nisenbaum et al., 1996) . In cholinergic interneurons, peak current amplitude was 6.25 Ϯ 1.72 (mean Ϯ SD; n ϭ 8) times that at the end of a 500 msec test pulse to ϩ35 mV. This ratio was only 1.51 Ϯ 0.16 (n ϭ 5) in the medium spiny cells. An analysis of tail currents evoked by a short depolarizing step (50 msec) in 5 mM extracellular [K ϩ ] suggested that the evoked currents in interneurons were K ϩ -selective, having a p K /p Na ratio of 35:1 based on the Goldman-Hodgkin-Katz equation (Hille, 1992 ) (data not shown).
A-type currents were isolated by taking advantage of their sensitivity to holding potential (Connor and Stevens, 1971a; Neher, 1971) . From hyperpolarized membrane potentials, depolarizing voltage steps evoked both rapidly and slowly inactivating currents (Fig. 2 A) . From more positive holding potentials (approximately Ϫ50), depolarizing steps evoked only slowly inactivating currents (Fig. 2 B) . Subtraction of the currents evoked at depolarized potentials from those evoked from more hyperpolarized potentials isolated a rapidly inactivating, A-type current (Fig. 2C) . The inset is a graph showing the currents on a faster time scale. A plot of the mean normalized peak chord conductances as a function of membrane voltage for a sample of neurons is shown in Figure 2 D. These data were well fit with a Boltzmann function, having a half-activation voltage of Ϫ27.2 mV and a slope factor of 14.7 mV.
The steady-state voltage dependence of inactivation was studied by applying conditioning steps (1.4 sec) to membrane potentials between Ϫ120 and Ϫ30 mV before a test step to 0 mV. As shown in Figure 3A , depolarizing steps diminished the transient currents evoked by the test step. A plot of mean normalized peak current amplitude as a function of conditioning voltage for a sample of neurons is shown in Figure 3B . These data were well fit with a single Boltzmann function having a half-inactivation voltage of Ϫ93.5 mV and a slope factor of 7.5 mV (Fig. 3B) . Also shown is the Boltzmann fit of the activation data (Fig. 2 D) , illustrating the complementary voltage dependence of the two processes. It can also be seen that there is a small window current for this conductance near the expected resting membrane potential (approximately Ϫ65 mV) (Wilson et al., 1990) .
Although many of the channels formed from cloned A-type subunits have similar activation and inactivation voltage dependence, the rates at which these channels inactivate or recover from inactivation are frequently quite different (Pongs, 1993; Deal et al., 1996) . Inactivation kinetics are also crucial to the functional role played by A-type currents (Rogawski, 1985; Huguenard and McCormick, 1992) . As a consequence, the development and recovery of A-type inactivation were characterized. The development of inactivation at depolarized membrane potentials was studied in two complementary ways. First, the inactivating phase of A-type currents (isolated by a subtraction protocol; Fig. 2 ) was fit with a decaying exponential f unction (Fig.  4 A) . At potentials above Ϫ40 mV, currents were well fit with a single exponential, having a time constant of 20 -25 msec. A plot of mean inactivation time constants as a f unction of test voltage is shown in Figure 4 B. As has been described previously for certain classes of A-type current, the development of inactivation slowed modestly with increasing voltage. A potential complication of these experiments is that the subtraction procedure may not have completely isolated the A-type current. An alternative strategy that takes advantage of the rapid activation kinetics of the A-type current is to use a two-step protocol in which the duration of the conditioning prepulse is systematically varied (Fig. 4C) . Current amplitudes were measured at times expected of the peak A current based on the initial test step. A plot of current amplitude as a f unction of prepulse duration was consistently well fit, with a single decreasing exponential having a time constant very close to that obtained by fitting the decay of currents during a single test step (Fig. 4 D) . The inset is a box plot summary of the inactivation time constants obtained from a sample of neurons.
The recovery from inactivation was studied by first inactivating A-type channels by holding at Ϫ40 mV and then stepping to hyperpolarized membrane potentials for increasing durations before a test step (Fig. 4 E) . Plots of peak current as a function of prepulse duration were well fit only with a sum of exponential functions (Fig. 4 F) . In our sample of interneurons, the smaller recovery time constant was between 10 and 20 msec, whereas the slower component of recovery was typically between 200 and 400 msec (Fig. 4 F, inset) .
Cd

2؉ dramatically shifts the voltage dependence and kinetics of the A-type current
In all of the experiments described in Figures 2-4 Figure 5A . A plot of average peak chord conductance for a sample of interneurons studied in this way is shown in Figure 5B . The data were well fit with a single Boltzmann func- tion, having a half-activation voltage of 5.5 mV and a slope factor of 11.6 mV. This is 32 mV more positive than the fit obtained from data obtained in the absence of C d 2ϩ (Fig. 2 B) . The fit of the control data are plotted for the purpose of comparison. The voltage dependence of inactivation was shifted even more dramatically. Currents evoked by a two pulse protocol are shown in Figure 5C (note that the abscissa before the test pulse is compressed). A plot of average normalized peak current as a function of prepulse voltage for our sample of interneurons was well fit with a single Boltzmann f unction, having a half-inactivation voltage of Ϫ35.4 mV and a slope factor of 5.2 mV. Also plotted is the fit of the data obtained in the absence of C d 2ϩ for comparison. The difference in the half-inactivation voltages was 57 mV.
In addition to shifting the voltage dependence of activation and inactivation, C d 2ϩ slowed the development of inactivation. At all of the voltages examined (Ϫ30 to ϩ40 mV), the inactivating phase of the current was well fit with a single exponential, having a time constant near 40 msec (data not shown), considerably slower than in the absence of C d 2ϩ (ϳ20 -25 msec) (n ϭ 5; p Ͻ 0.05, Mann -Whitney U test). The relative voltage independence of the time constants argues that the slowing in C d 2ϩ was not caused by the shift in the voltage dependence of inactivation. In contrast, the recovery of the A-type current from inactivation at Ϫ100 mV was not noticeably altered by C d 2ϩ (data not shown) (n ϭ 5; p Ͼ 0.05, Mann -Whitney U test).
The A-type current was potently reduced by 4-aminopyridine but not tetraethylammonium
One of the hallmarks of A-type currents is their sensitivity to 4-AP (Rogawski, 1985) . In invertebrate neurons, 4-AP blocks A currents in a voltage-and time-dependent manner (Thompson, 1982) . This aspect of the 4-AP block has been reported much less commonly in vertebrate neurons (Gustafsson et al., 1982; Surmeier et al., 1988; Huguenard et al., 1991; Stefani et al., 1992; Wu and Barish, 1992; Foehring and Surmeier, 1993; Nisenbaum et al., 1996) . When applied to cholinergic interneurons, 4-AP reduced the peak current in a dose-dependent manner (Fig. 6 A) . The IC 50 of 4-AP was near 1 mM, assessed isochronally at the peak of the control current (Fig. 6 B) . In addition, 4-AP increased the amplitude of the current later in the pulse, creating a crossover of the current. This pattern of effects is typical of what has previously been described in invertebrate neurons and in heterologous expression systems transfected with Kv4.2 cRNA (Tseng et al., 1996) . The current crossover after 4-AP application also suggests that there was little or no 4-AP-sensitive delayed rectifier current in these neurons.
In contrast, TEA preferentially blocked the sustained, delayed rectifier component of the current. As shown in Figure 7A , increasing concentrations of TEA reduced both peak and sustained current components. Difference current estimates of the TEA-sensitive currents revealed that at low millimolar concentrations, only a persistent current was blocked (Fig. 7B) . This is consistent with the well described ability of TEA to block delayed rectifier-type channels (Rudy, 1988) . The IC 50 of the TEA block of the persistent current was ϳ11 mM (Fig. 7C ). However, it should be noted that at TEA concentrations Ͼ10 mM a portion of the inactivating current was also blocked, suggesting that the transient, A-type current in interneurons was not as insensitive to TEA as other types of inactivating K ϩ channel (Stuhmer et al., 1989) .
Cholinergic interneurons coexpress K ؉ subunits that form A-like channels
To identify the channel subunits responsible for the A-like current seen in whole-cell recordings, single-cell RT-PCR experiments were performed. Five K ϩ channel subunits are known to form homomeric channels that have A-like properties: Kv1.4, Kv3.4, Kv4.1, Kv4.2, and Kv4.3 (Stuhmer et al., 1989; Baldwin et al., 1991; Schroter et al., 1991; Serodio et al., 1994; Serodio et al., 1996) . In addition, Kv1 family channels that normally yield delayed rectifier type currents inactivate rapidly in the presence of ancillary ␤1 subunits (Rettig et al., 1994; Heinemann et al., 1996; Sewing et al., 1996) . To generate as comprehensive a profile as possible of A-type subunit mRNA expression, individual cholinergic interneurons were simultaneously analyzed for the expression of Kv1.1, Kv1.2, Kv1.4, Kv1.5, Kv3.4, Kv4.1, Kv4.2, Kv4.3, and ␤1-3 mRNAs.
These experiments revealed that several of the subunits capable of forming A-like channels were coexpressed in interneurons. A photograph of an ethidium bromide-stained gel in which PCR amplicons from an individual cell have been separated by electrophoresis is shown in Figure 8 A. A summary of the expression patterns of individual neurons is shown in Figure 8 B. The only transcript that was detected in every neuron profiled was Kv4.2. Other subunits known to form homomeric channels with A-like properties were detected in a subset of cells (Kv4.1 and Kv1.4, ϳ60% of all cells; n ϭ 32) or not detected at all (Kv4.3 and Kv3.4; n ϭ 32). The mRNA for ␤ subunits was also commonly detected. ␤1 and ␤2 mRNAs were much more commonly detected than ␤3 mRNA. The mRNAs for some of the Kv1 family subunits known to complex with ␤1 subunits to yield A-like channels were also found in a subset of interneurons (Kv1.1, ϳ50%; Kv1.2, ϳ20%; Kv1.5, 0%; n ϭ 27).
There are several potential reasons why a particular transcript might be detected in only a subset of neurons. One possibility is that the expression of that transcript varies across the interneuronal population, with some neurons expressing high levels and others expressing low or undetectable levels. Another possibility is that inefficiencies in the RT-PCR reaction are responsible. This could be attributable to inefficient reverse transcription resulting from protein and RNA binding to the transcripts or secondary structure of the transcript. It also could be attributable to inefficient PCR amplification.
Distinguishing between biological and technical possibilities is particularly important for the interpretation of the Kv1.4 mRNA profiles. Kv1.4 transcripts were the only detectable non-Kv4 family subunit mRNAs that could produce A-type K ϩ channels with properties similar to those observed in interneurons. It was our working hypothesis that limitations in the RT-PCR reaction were responsible for the variation in Kv1.4 detection, not heterogeneity within the interneuronal population. To test this hypothesis, serial dilution experiments were performed. The rationale for these experiments is as follows. First, it is assumed that the RT-PCR efficiency for any one transcript is constant. Next, it is assumed that the fraction of the total cellular cDNA necessary to detect a particular transcript is inversely related to its abundance or amplification efficiency. This threshold fraction can be determined by performing the PCR reaction with serial dilutions of the original cellular cDNA. If there are two populations of neurons, one expressing a transcript at high levels and another expressing the same transcript at low levels, the distribution of thresholds across that population should be bimodal.
Serial dilution profiles for Kv4.2 and Kv1.4 mRNAs in two interneurons are shown in Figure 8C . A summary of these experiments is shown in Figure 8 D. It is evident that the threshold densities for both Kv4.2 and Kv1.4 mRNAs were unimodal, suggesting that the interneuron population was homogeneous with regard to these two mRNAs. (Fig. 2) . Inactivating phase at each voltage is fitted with a single exponential function with a time constant of 23 msec. B, Plot of mean Ϯ SEM inactivation time constant as a f unction of step voltage for a sample of six neurons. Data were fit with a straight line with an intercept of 26 msec and a slope of 0.062 msec/mV. C, A-type currents were progressively inactivated by lengthening the duration of a step to Ϫ30 mV before a test step to 20 mV. D, Plot of peak current measured isochronously as a f unction of prepulse duration. Data points were fitted with an exponential with a time constant of 24 msec (solid line). Inset, Box plot of time constants obtained in similar experiments for a sample of five neurons. E, Inactivation recovery was examined by inactivating A-type currents and then stepping to Ϫ80 mV for increasing periods before a test step to 20 mV. F, Plot of peak current as a f unction of prepulse duration (@ Ϫ80 mV). Data were fit with a sum of exponentials (solid line) with time constants of 19 and 390 msec. Inset, Box plot summarizing the distribution of fast and slow time constants for a sample of eight neurons.
Despite the fact that their mRNA was present, Kv1.1 and ␤1 subunit-containing channels are unlikely to have made a significant contribution to somatodendritic currents, because their 4-AP affinity is considerably higher than the channels responsible for the observed currents (Stuhmer et al., 1989; Rettig et al., 1994) . Moreover, their inactivation rates are much faster than those seen in interneurons (Rettig et al., 1994) . The potential contribution of Kv1.2 and ␤1 channels can be discounted on the same grounds. However, Kv4 and Kv1.4 channels have more similar pharmacological sensitivities and inactivation kinetics (Stuhmer et al., 1989; Serodio et al., 1994) . One biophysical feature that distinguishes these channel types in heterologous systems is recovery from inactivation (Bertoli et al., 1994 (Bertoli et al., , 1996 Serodio et al., 1994) . Unlike Kv4 family channels, Kv1.4-containing channels have a slow component of inactivation recovery with a time constant of seconds. As shown in Figure 4 , E and F, a very slow component of inactivation recovery was not present (or very small) in this sample of neurons. To provide f urther confirmation of this result and the inference from the serial dilution experiments that the interneuron population was homogeneous, combined patchclamp and RT-PCR experiments were performed. In these experiments, the recovery kinetics of the A-type current were determined, and then the neuron was aspirated and profiled for ChAT, Kv4.2, and Kv1.4 mRNAs. A typical recovery record is shown in Figure 9A . Normalized plots of peak current as a function of recovery interval at Ϫ95 mV in cells having detectable levels of Kv1.4 ( filled symbols; n ϭ 4) and those only having detectable levels of Kv4.2 (open symbols; n ϭ 7) are shown in Figure 9B . The inset is a scatter plot of the amplitudes of the fast and slow components of recovery for each group. There was no obvious relationship between the detection of Kv1.4 and the properties of inactivation recovery. In none of the cells examined Figure 6 . 4-AP blocked A-type currents in interneurons. A, K ϩ currents evoked by a step to ϩ20 mV in the presence of increasing concentrations of 4-AP. Note the prominent crossover of currents at Ͼ1 mM concentrations. B, Plot of average peak current Ϯ SEM (measured isochronously) as a f unction of 4-AP concentration for a sample of four neurons. The data were fit with a Langmuir isotherm with 1 mM IC 50 . was there a prominent component of recovery with a time constant of seconds.
To ensure that a slow component of recovery was not missed, an additional experiment was performed. First, the A-type current was inactivated by holding at Ϫ60 mV. Then, the cell was stepped to Ϫ95 mV for either 1.5 or 25 sec before the delivery of a test step to Ϫ20 mV. As shown in Figure 9 , C and D, the currents evoked by the test step were very similar after holding at Ϫ95 mV for 1.5 sec and for 25 sec, arguing against the presence of a significant slow component of inactivation recovery. This was true in neurons in which only Kv4.2 mRNA (Fig. 9C ) was detected as well as in cells in which both Kv4.2 and Kv1.4 mRNA was found (Fig. 9D) .
Although these results strongly implicate Kv4.2-and Kv4.1-containing channels, they depend on the assumption that the properties of heterologously expressed channels are similar to those in native expression systems. To provide an additional test of our hypothesis, immunocytochemical studies were performed using a monoclonal Kv1.4 antibody and an affinity-purified polyclonal antibody that recognizes Kv4.2 and potentially Kv4.3 subunits. These experiments revealed that Kv1.4 subunits were localized primarily to fibers within the striatum and terminal fields within the globus pallidus (Fig. 10 A) . In contrast, Kv4.2 and Kv4.3 subunits were clearly present within the somata and dendrites of large striatal neurons (Fig. 10 B, arrowheads) ; medium-sized neurons were also labeled but to a lesser extent. Double-label immunocytochemistry for Kv4.2 and Kv4.3 (Fig. 10C) and ChAT (Fig.  10 D) consistently found this K ϩ channel subunit in the dendrites and soma of cholinergic interneurons. Given the apparent absence of Kv4.3 mRNA in ChAT interneurons, the immunoreactivity in the somatodendritic membrane of these neurons can be attributed to Kv4.2 subunits.
DISCUSSION
Interneuronal somatodendritic K ؉ currents are largely attributable to A-type channels
The results presented show that depolarization-activated, Ca 2ϩ -independent K ϩ currents in the somatodendritic membrane of striatal interneurons are dominated by an A-type current. This conductance had many of the biophysical and pharmacological features of A-type conductances described previously in invertebrate (Connor and Stevens, 1971a; Neher, 1971; Hagiwara et al., 1981) and vertebrate cells (Rogawski, 1985; Rudy, 1988) . In particular, the K ϩ -selective conductance began to activate at subthreshold potentials, having a half-activation voltage near Ϫ27 mV. On depolarization, the conductance inactivated monoexponentially with a time constant between 20 -25 msec at all potentials in which evoked currents could be accurately measured (Ϫ40 mV or greater). Steady-state inactivation developed at membrane potentials below the activation threshold and was accurately described by a Boltzmann function with a half-inactivation voltage near Ϫ90 mV.
A notable feature of the A-type current in these neurons was its sensitivity to extracellular Cd 2ϩ . The addition of 20 -400 M Cd 2ϩ to the bath shifted the voltage dependence of activation by 32 mV, whereas the voltage dependence of inactivation was shifted even more (57 mV). In addition, the kinetics of inactivation at depolarized potentials were slowed by extracellular Cd 2ϩ , decaying monoexponentially with a time constant of 40 -50 msec rather than 20 -25 msec. In contrast, the kinetics of recovery from inactivation were not altered. Qualitatively similar effects of Cd 2ϩ on gating of A-type currents have been described previously (Mayer and Sugiyama, 1988; Agus et al., 1991; Andreasen and Hablitz, 1992; Klee et al., 1995) , although the magnitude of the shifts in activation and inactivation were substantially larger in cholinergic interneurons.
The properties of the A current are consistent with channels composed of Kv4.2 and Kv4.1 subunits Insights into the molecular architecture of the A-type channels in cholinergic interneurons is of clear value to understanding how these channels contribute to interneuron physiology and signaling. Molecular cloning and heterologous expression studies have shown that Kv1.4, Kv3.4, Kv4.1, Kv4.2, and Kv4.3 subunits are capable of forming homomeric channels that rapidly inactivate and are sensitive to 4-AP, the hallmarks of A-type channels (Stuhmer et al., 1989; Baldwin et al., 1991; Schroter et al., 1991; Figure 7 . TEA preferentially blocked delayed rectifier currents. A, K ϩ currents evoked by a step to ϩ20 mV in the presence of increasing concentrations of TEA. B, TEA-sensitive currents isolated by subtraction from the control trace in A. Note that below ϳ10 mM TEA, the transient component of the current is relatively unaffected. C, Plot of average current amplitude Ϯ SEM measured at the end of the voltage step as a function of TEA concentration for a sample of four neurons. The data were fit with a Langmuir isotherm with 11 mM IC 50 . Serodio et al., 1994 Serodio et al., , 1996 . In addition, ␤1 subunits are capable of transforming delayed rectifier-like channels composed of Kv1 family subunits (Kv1.1, Kv1.2, and Kv1.5) into rapidly inactivating, A-like channels (Rettig et al., 1994; Heinemann et al., 1996; Sewing et al., 1996) . To determine which of these subunits contributed to the channels underlying the K ϩ currents seen in cholinergic interneurons, single-cell RT-PCR profiling was performed. These techniques have been used successf ully in the past to identif y a wide range of cellular mRNAs, including those coding for voltage-dependent K ϩ channels (Gurantz et al., 1996; Baro et al., 1997) . The latter study also used quantitative techniques to show a linear relationship between mRNA abundance and apparent channel abundance.
Our studies suggested that Kv1.5, Kv3.4, or Kv4.3 subunits are not expressed at significant levels in cholinergic interneurons, despite their ready detection in other cell types and in wholebrain cDNA (data not shown). However, these experiments did reveal the presence of Kv4.2, Kv4.1, Kv1.4, Kv1.1, Kv1.2, and ␤1 mRNAs. With the exception of Kv4.2 mRNA, not all of these mRNAs were found in every interneuron. Does this suggest that there are subsets of cholinergic interneuron with different complements of K ϩ channels? The unimodal distribution of detection thresholds for Kv4.2 and Kv1.4 mRNAs argues against this interpretation. A more likely interpretation is that the failure to detect Kv1.4, Kv4.1, Kv1.1, and Kv1.2 mRNA in some neurons is a reflection of low mRNA abundance and/or inefficiencies in the RT-PCR procedure.
If we assume that all these subunit mRNAs are present in interneurons, do they all contribute to channels underlying the somatodendritic currents? Several observations strongly argue against this scenario. Because subunits from Kv1 and Kv4 gene families do not coassemble to form heteromeric channels (McCormack et al., 1990; Covarrubias et al., 1991) , it is necessary only to consider the properties of channels with subunits derived from one or the other family. One of the hallmarks of channels composed of Kv1 family ␣ subunits is the presence of a slow component of inactivation recovery with a time constant in the range of seconds, rather than milliseconds (Bertoli et al., 1994 (Bertoli et al., , 1996 ; Ϫ6 ( 1 ⁄64) or larger amounts of the total cellular cDNA, whereas only 2 Ϫ2 ( 1 ⁄4) or more of the total cell cDNA was enough to see Kv1.4 amplicons clearly. D, Summary of the data from such experiments for Kv1.4 (n ϭ 22) and Kv4.2 (n ϭ 15) mRNAs. The distribution of threshold dilutions for each mRNA is plotted as a normalized density. The smooth lines are Gaussian fits of the distributions. Note unimodal distribution for both mRNAs. Rettig et al., 1994) . In contrast, A currents in cholinergic interneurons recovered rapidly with inactivation time constants of near 20 and 300 msec. So, despite the similarity in voltage dependence and kinetics of inactivation development, homomeric Kv1.4 channels are unlikely to be significant contributors. Kv1.1, Kv1.2, and Kv1.4 channels with ␤1 subunits can also be discarded on the same grounds, as well as their more rapid inactivation development (Rettig et al., 1994; Heinemann et al., 1996) .
If channels composed of Kv1 family subunits do not underlie the A current, then do channels containing Kv4.2 and Kv4.1 subunits? The pharmacological properties of the Kv4.2 and Kv4.1 channels are very similar to interneuronal A-type channels. In heterologous expression systems, Kv4.2 and Kv4.1 channels are potently blocked by 4-AP, with IC 50 values in the low millimolar range (Baldwin et al., 1991; Chabala et al., 1993; Serodio et al., 1994 Serodio et al., , 1996 . Moreover, homomeric Kv4.2 channels exhibit a timeand voltage-dependent block by 4-AP that is virtually identical to that seen in interneurons (Tseng et al., 1996; Fiset et al., 1997) . Kv4.2 channels are also relatively insensitive to TEA, as were the A-type channels in interneurons. C d 2ϩ also dramatically shifts the voltage dependence of Kv4.2 channels toward more depolarized potentials (Fiset et al., 1997) , possibly reflecting the presence of cysteine residues within a region of the pore involved in gating (Yellen et al., 1994) . However, the voltage dependence of activation and inactivation of Kv4 channels expressed in Xenopus oocytes is considerably more depolarized than the currents seen here (Baldwin et al., 1991; Serodio et al., 1994 Serodio et al., , 1996 . Furthermore, the development and recovery from inactivation is slower. However, when a brain-derived 2-4 kb cRNA fraction is coinjected with Kv4.2 subunit cRNA, the resulting channels give rise to currents that are very similar in voltage dependence and kinetics to the A currents in interneurons (Chabala et al., 1993; Serodio et al., 1994) . The inference that Kv4.2 subunits are major constituents of K ϩ channels in the proximal somatodendritic membrane of cholinergic interneurons and that Kv1.4 subunits are not is in agreement with immunocytochemical studies of the subcellular localization of these subunits shown here and in studies in other cell types (Sheng et al., 1992 (Sheng et al., , 1993 Alonso and Widmer, 1997) (cf. MaleticSavatic et al., 1995) . Like previous studies, we found evidence for Kv4.2 subunits in the somatodendritic membrane of cholinergic interneurons and medium spiny neurons, whereas Kv1.4 subunits were restricted to axons and terminals. A similar subcellular distribution has been inferred for sympathetic ganglion neurons based on RNase protection and physiological assays (Dixon and McKinnon, 1996) . Although the immunocytochemical and molecular evidence presented makes a strong case, this evidence is correlative. Unequivocal proof that somatodendritic A-type K ϩ channels are dominated by Kv4.2 and Kv4.1 subunits will come only from a more direct demonstration, such as that afforded by antisense knockdowns of Kv4.2 mRNA.
The properties of A-type channels are consistent with a role in allowing slow repetitive discharge
One of the first cellular functions attributed to A-type currents was the slowing of interspike depolarization (Connor and Stevens, 1971b) . This slowing enabled neurons to discharge at very slow rates, a capacity that was absent in early Hodgkin-Huxley models based on axonal currents. To accomplish this goal, the A-type conductance needs to open at subthreshold membrane potentials and then inactivate, allowing spike threshold to be reached. On repolarization of the spike, channels must reprime or deinactivate quickly, so that the ensuing depolarization is capable of opening them once again. These three features, subthreshold activation, rapid inactivation, and rapid recovery from inactivation, were all features of the A current in cholinergic interneurons. They are also characteristics of Kv4.2 and Kv4.1 channels when combined with an ancillary protein (Serodio et al., 1994 (Serodio et al., , 1996 . Another feature of these channels that is of potential functional importance was their sensitivity to Cd 2ϩ . The dramatic effects of Cd 2ϩ on the voltage dependence and kinetics of A-channel gating suggest that these channels may be allosterically regulated by other divalent cations. Zn 2ϩ is a particularly intriguing candidate in this regard. Histochemical studies have shown a high levels of vesicular Zn 2ϩ in the striatum (Vincent and Semba, 1989; Mengual et al., 1995) . The distribution of Zn 2ϩ is not uniform and is often associated with striosomal compartments, particularly in the rostral striatum. If the vesicular Zn 2ϩ is coreleased from glutamatergic terminals as it is in other regions (Assaf and Chung, 1984) , corticostriatal activity could allosterically modulate the voltage dependence of interneuronal A-type channels. In agreement with previous work (Huang et al., 1993; Erdelyi, 1994; Spires and Begenisich, 1994) , preliminary studies have shown that Zn 2ϩ (100 M) does shift the voltage dependence of A current channel gating, although not as potently as Cd 2ϩ . This modulation should disenable slow, repetitive activity and promote higher-frequency, less-regular discharge. 
